We report the response of the Martian upper atmosphere to a strong X-class flare on 10 September 2017 as observed by the Imaging Ultraviolet Spectrograph (IUVS) instrument aboard the Mars Atmosphere Volatile EvolutioN (MAVEN) mission. The solar flare peaked at 16:24 hr UT, and IUVS dayglow observations were taken about an hour after the flare peak. Retrieved temperatures from IUVS dayglow observations show a significant increase during the flare orbit, with a mean value of ∼270 K and a maximum value of ∼310 K. The retrieved temperatures during the flare orbit also show a strong latitudinal gradient, indicating that the flare-induced heating is limited between low and middle latitudes. During this event IUVS observed an ∼70% increase in the observed brightness of CO + 2 ultraviolet doublet and CO Cameron band emission at 90 km, where high-energy photons (< 10 nm) deposit most of their energy.
Introduction
The energetics of a planet's upper atmosphere are mainly governed by absorption of solar extreme ultraviolet (EUV) radiation (Bougher & Roble, 1991; Bougher, Brain, et al., 2017) . Understanding the response of a planet's upper atmosphere to the daily long-and short-term variation in solar flux is important to quantify the energy budget of the upper atmosphere. Solar transient events, such as flares, can deposit large amount of energy in the atmosphere in a very short time ranging from a few minutes to a few hours, which results in rapid changes in the thermosphere and ionosphere (Liu et al., 2007; Lollo et al., 2012; Mendillo et al., 2006; Qian et al., 2011) . During a flare, the solar ionizing photon flux increases dramatically, resulting in excess ionization, dissociation, and heating of the atmospheres (Liu et al., 2007; Qian et al., 2011) . Thiemann et al. (2015) have recently reported the effect of solar flares on neutral densities and temperatures in the Martian thermosphere. Thiemann et al. (2015) have shown that the neutral atmospheric response to a flare is slightly delayed and long lived compared to that of the ionospheric response, which has a time profile similar to the flare (Haider et al., 2016; Lollo et al., 2012; Mendillo et al., 2006) . During a flare, the soft X-ray (SXR: 0.1-10 nm) irridiance can increase by 2 orders of magnitude (Woods et al., 2004) . These high-energy photons are deposited in the lower thermosphere and are responsible for enhanced ionization in the ionospheric M1 layer at Mars (Lollo et al., 2012; Mendillo et al., 2006 Bougher, Roeten, et al., 2017; Jain et al., 2015) . Being the interface between the lower atmosphere and solar forcing from top, the upper atmosphere is the main reservoir for atmospheric escape to space and any variations in the temperature and density in the upper atmosphere affect escape rate (Chaufray et al., 2015) . Escape is recognized as a key driver of atmospheric change on Mars (e.g., Jakosky et al., 2015; Lammer et al., 2008) ; therefore, a better characterization of upper atmospheric variability, including the effects of solar transient events, is a necessary step for a better understanding of the long-term atmospheric evolution of the planet.
In this letter, we report the response of the Martian upper atmosphere to a strong X-class flare on 10 September 2017 as observed by the Imaging Ultraviolet Spectrograph (IUVS) instrument aboard the Mars Atmosphere Volatile EvolutioN (MAVEN) mission. This event occurred when Mars was nearing aphelion (Ls = 60 ∘ ), and the nominal solar activity was quite low. This is the largest solar event observed by MAVEN since its orbit insertion in August 2014. The ionosphere and thermosphere of Mars showed a significant response to the flare, which was observed by multiple instruments on board MAVEN (Lee et al., 2018) . We here report the first IUVS observations of Martian thermosphere temperature response to an X-class solar flare. The results presented in this letter will help us understand the role of solar transient events in the total heat budget of the Martian thermosphere. The following section explains the observations and methodology used in the analysis. The results of the IUVS dayglow analysis are presented in section 3, followed by discussion and interpretation of the thermosphere response to the flare in section 4. Concluding remarks are given in section 5
Observation and Methodology
IUVS takes airglow limb measurements in the periapse segment of the MAVEN's orbit (orbital period ∼4.5 hr) using its two detectors: a far ultraviolet (FUV) detector (115-190 nm) and a middle ultraviolet (MUV) detector (173-340 nm) with a spectral resolution of ∼0.6 and 1.2 nm, respectively (McClintock et al., 2015) . IUVS takes 12 limb scans near periapsis (when the spacecraft altitude is below ∼500 km) in about 40 min. The instrument is mounted on an articulated payload platform that orients the IUVS' line of sight perpendicular to the spacecraft's motion, and the projection of the slit onto the atmosphere is perpendicular to the planet's radial vector at slit center (see Figure 1 ). This causes IUVS limb observations, which are pointed normal to the spacecraft velocity vector, and in situ measurements to observe completely different states of the Martian atmosphere (with different lighting, geometry, and local time). The details of IUVS dayglow limb observations have been provided previously McClintock et al., 2015; Stevens et al., 2015) .
For the analysis presented in this paper, we use the CO + 2 ultraviolet doublet (UVD) dayglow emission at 289 nm, which is one of the brightest MUV emissions in the Martian dayglow Leblanc et al., 2006) . This emission is mainly produced by photon and electron impact ionization of CO 2 (Jain & Bhardwaj, 2012) , making it an ideal diagnostic tool for retrieving information about the background neutral atmosphere Jain et al., 2015; Stiepen et al., 2015) . To retrieve scale heights and infer temperatures (at 170 km), we use an empirical Chapman fit to the CO + 2 UVD emission intensity profile (Bougher, Roeten, et al., 2017; Lo et al., 2015) . We have imposed a maximum solar zenith angle (SZA) constraint of 85 ∘ in our analysis of temperatures (thus restricting observations to inbound scans only). We also omitted emission profiles from our analysis if the spacecraft altitude was below 200 km to avoid systematic lower temperatures when IUVS is observing from within the airglow layer.
IUVS limb scans of CO
+ 2 UVD brightness are used to retrieve CO 2 density profiles using the approach described by Evans et al. (2015) , with the exception of the treatment of solar EUV input to the forward model used for optimal estimation retrieval of densities. When modeling the thermospheric response to solar flares, it is important to account for enhanced emission at lower altitudes due to short-term variability of the solar EUV and SXR irradiance, since insufficient solar input leads to incorrect enhancement in number density to account for increased emission. Therefore, we use minute cadence solar spectra and select the appropriate spectrum using the mean time of each IUVS limb scan. spectrum (1 nm resolution) estimated at Mars by combining measurements from MAVEN's Extreme Ultraviolet Monitor and Earth-based observations (please see Thiemann et al., 2018 , for more details). At the time of the event, the MAVEN periapsis was on the dusk terminator in the northern hemisphere (see Figure 1) , and the spacecraft was moving from low latitudes toward high latitudes.
Results
Figure 2 shows mean altitude profiles of CO + 2 UVD brightness from orbits 5717 and 5719, before and after the flare (black curves), and from orbit 5718 during the peak of the flare (red curve) at a mean latitude of ∼20 ∘ during the inbound segment of MAVEN's periapsis. The ratio of intensities from nonflare orbits (mean of combined UVD intensities from orbits 5717 and 5719) and the flare orbit is also shown in the same panel. The dayglow emission was enhanced at all altitudes during the flare orbit. Specifically, the intensity of CO + 2 UVD increased by ∼70% at 90 km, where most of the high-energy photons (< 10 nm) are deposited. Above the airglow peak, the UVD emission from the flare orbit also shows enhanced brightness, within the intensity with altitude (increasing twofold at 180 km). The densities of retrieved neutral CO 2 from the flare and nonflare orbits are shown in Figure 2 (right) along with the corresponding density ratio. The shape of the flare orbit density profile indicates a higher-scale height compared to nonflare orbits, which is consistent with the shape of the flare orbit UVD intensity profile. The maximum difference between flare and nonflare densities occurs at higher altitudes; at 190 km, the flare orbit CO 2 density is about a factor of 1.6 higher than during the nonflare orbits. Temperatures derived from CO + 2 UVD intensities spanning more than 100 orbits (7 to 25 September 2017) are presented in Figure 3 . The temperatures are averaged over a mean latitude of 20 ∘ . The mean temperature for all nonflare orbits is ∼197 K, with a standard deviation of ±18 K. The temperature for the flare observation is shown as a red symbol, which is a ∼70 K higher than the mean. IUVS observed the higher temperatures only during the flare orbit, with no effect seen during the succeeding orbit 4.5 hr later. An inset figure with temperatures retrieved on 9 and 10 September, along with Extreme Ultraviolet Monitor ionizing irradiation (total irradiance between 0 and 91 nm), is also shown in Figure 3 . As mentioned earlier, the nearest IUVS observation to the solar flare peak occurred about 1 hr later, when the ionizing photon flux dropped nearly 80% from its maximum value. Figure 4 shows the latitudinal behavior of the retrieved temperature between 7 and 13 September (orbits 5700 to 5730). Due to the slow precession of MAVEN's orbit, the latitude coverage before and after the flare was quite similar. Similarly, the lighting conditions (SZAs and local time) do not vary much from orbit to orbit. This makes it easier to quantify the latitudinal variation of thermospheric temperatures, since other controlling factors are essentially constant with time. Under nonflare conditions, temperatures typically show a strong gradient with latitude, with larger temperatures at low latitudes (around 10 ∘ ) and smaller values near middle latitudes (∼30 ∘ ). The temperatures retrieved during the flare orbit exhibit a similar latitudinal behavior. However, the temperature gradient is stronger during the flare orbit (−5.5 ± 0.2 K/degree) compared to the nonflare orbits (−1.9 ± 0.3 K/degree). Since each latitude observation is mapped to a certain time, we could compare the EUV ionizing irradiance measurements taken at that time, which are shown in Figure 4 for the flare orbit of 5718. The EUV ionizing radiance did not show much decline (< 2%) when IUVS took observation during the inbound periapse segment.
Discussion
The photon energy deposition rate changes significantly during the flare orbit. Model calculations by Thiemann et al. (2018) showed that during the flare peak, the photon energy deposition rate increased by 80-90% below 120 km, where most of the SXR photons deposit their energy, which causes the total photoionization rate to increase by almost 500% at these altitudes. At 160 km, the total ionization rate increased by about ∼20% at the time of peak flare activity . We observed an enhanced CO + 2 UVD emission below the airglow peak, where the UVD intensities increased by ∼70% at 90 km (Figure 2 ). In the upper atmosphere, the elevated UVD intensity is due to increased ionization from EUV fluxes during the flare. However, the shape of the topside emission is representative of the neutral scale height, which is seen in the retrieved densities of neutral CO 2 . The neutral density shown in Figure 2 indicates that during the flare, the upper atmosphere was heated by enhanced EUV irradiation, which produced an increase in densities at higher altitudes. It is worth noting that increased UVD brightness at lower altitudes (∼90 km) is due entirely to increased SXR photon irradiance during the flare rather than flare-induced perturbations in the CO 2 density (indeed, the flare orbit CO 2 density decreased relative to nonflare orbits). Thiemann et al. (2015) investigated the effect of a solar flare on the Martian upper atmosphere temperatures and showed that the neutral upper atmosphere responds quickly to the flare, followed by a rapid recovery. IUVS retrieved temperatures in Figure 3 show a quick response of the Martian upper atmosphere to the X8.2 solar flare of 10 September 2017. Temperatures during flare orbit 5718 increased by ∼70 K relative to the mean temperature and returned to nominal values in the following orbit 4.5 hr later. Similarly, a rapid response (about an hour) to the effect of flares on terrestrial upper atmosphere densities (e.g., 400 km) has also been reported by Sutton et al. (2006) , Liu et al. (2007) , Strickland et al. (2007) , and Pawlowski and Ridley (2008) . However, the terrestrial thermosphere densities takes hours to recover to their prior quiescent levels; Sutton et al. (2006) of Mars are mainly controlled by the EUV heating and three main cooling mechanisms (molecular conduction, upwelling/divergent winds, and CO 2 15-μm cooling; Bougher et al., 1999) . The time constants for temperature relaxation following a flare may well be smaller for the Mars upper thermosphere owing to these three contributors to the cooling. A detailed model study to understand the response and recovery of Mars thermospheric temperatures to the flare event is beyond the scope of this paper and will be carried out in future.
The amount of heating of the upper atmosphere due to the flare depends on the corresponding spectral content, especially at EUV wavelengths (Le et al., 2012; Qian et al., 2010; Thiemann et al., 2015) . During the September event, the EUV content of the flare's spectrum increased by 60% during its peak but had decreased to about 16% at the time IUVS observed the airglow 4.5 hr later. Thus, it is difficult to assess the quantitative effect of flare EUV flux on the thermosphere. However, based on studies of EUV forcing in Mars' upper atmosphere (Bougher et al., 1999 González-Galindo et al., 2005) , it may be possible that IUVS observations of large temperature increases during the flare orbit are caused by integrated energy deposited by the flare rather than energy deposited at the time of observations. MAVEN's Neutral Gas and Ion Mass Spectrometer (NGIMS) also reported a neutral atmospheric response to the solar flare of 10 September 2017 . NGIMS measurements showed enhanced neutral densities above 200 km and significantly larger temperatures only at high altitudes (>185 km), though NGIMS sampled slightly lower SZAs compared to values at IUVS tangent points. NGIMS in situ measurements are taken at the spacecraft altitude and latitude (see Figure 1) . The spacecraft altitude is higher at lower latitudes and decreases with increasing latitude until MAVEN reaches periapsis. NGIMS probed the atmosphere below 200 km only near ∼30 ∘ latitude, where IUVS-retrieved temperatures during the flare orbit decreased significantly from the maximum value and were comparable to nonflare temperatures (please see Figure 4 ), which is consistent with an absence of any flare effects in NGIMS measurements below 200 km.
The latitude dependence of temperatures from the flare orbit is quite interesting, because it shows that the majority of the upper atmospheric heating due to the flare is confined to near the subsolar latitudes. The maximum difference between the retrieved temperature during the flare orbit and nonflare orbits has been observed near 10 ∘ latitude, and the minimum difference was observed near the subsolar latitudes (between 20 ∘ and 30 ∘ ). The solar EUV ionizing radiance did not vary much during the inbound segment of orbit 5718 (flare orbit), ruling out the possible role of EUV to cause this decline in thermosphere temperature (see Figure 4 ). Terrestrial thermospheric density and temperatures also show a latitudinal gradient during the flare, which follows the cosine of SZA (Pawlowski & Ridley, 2008; Qian et al., 2011) . However, during IUVS observations, the SZA was decreasing during the first half of the MAVEN periapse (the SZA was 87 ∘ at first scan and 76 ∘ at the periapsis). The temperatures at nonflare orbits also show similar latitudinal gradients (though not as strong as the flare orbit). This seems to suggest that the upper atmosphere dynamics may have played an important role in low-to middle-latitude temperature gradients observed by IUVS. Understanding this behavior requires further analysis and modeling, which will be the subject of a subsequent paper.
Summary and Conclusion
In this letter, we report the response of the Martian upper atmosphere to a strong X-class flare on 10 September 2017. Temperatures derived from IUVS observations during the flare orbit increased by ∼70K, with a rapid recovery to nonflare values in the following orbit 4.5 hr later. This suggests that the upper atmospheric response to the flare and subsequent recovery were both fast (within 4.5 hr of MAVEN orbit). Retrieved CO 2 densities also show an enhancement during the flare, particularly at higher altitudes, where the density increased by ∼60%. The upper atmospheric enhancements in temperature and density reflect a rapid response to the increased EUV irradiance during the flare, consistent with our understanding of these events. The CO + 2 UVD intensity below the airglow peak increased by a factor of 1.6 following the peak of the flare due to deposition of high-energy SXR photons below ∼120 km.
This event provides a unique opportunity to study the response of Mars' upper atmosphere to an extreme X-class solar flare. Such observational studies on Mars are quite rare due to the low occurrence rate of X-class flares. However, they are crucial for improving our understanding of the energy budget of the Martian upper atmosphere and the long-term evolution and escape of the Martian atmosphere. Within the limits of our observing geometry and lighting conditions, such as latitude and local time, this study provides an important constraint on upper atmospheric parameters (temperature and density) during an extreme solar transient event which can be compared to models in future studies.
